Sucrose synthase (SuSy) is a highly regulated cytosolic enzyme that catalyzes the conversion of sucrose and a nucleoside diphosphate into the corresponding nucleoside diphosphate glucose and fructose. In cereal endosperms, it is widely assumed that the stepwise reactions of SuSy, UDPglucose pyrophosphorylase and ADPglucose (ADPG) pyrophosphorylase (AGP) take place in the cytosol to convert sucrose into ADPG necessary for starch biosynthesis, although it has also been suggested that SuSy may participate in the direct conversion of sucrose into ADPG. In this study, the levels of the major primary carbon metabolites, and the activities of starch metabolism-related enzymes were assessed in endosperms of transgenic maize plants ectopically expressing StSUS4, which encodes a potato SuSy isoform. A total of 29 fertile lines transformed with StSUS4 were obtained, five of them containing a single copy of the transgene that was still functional after five generations. The number of seeds per ear of the five transgenic lines containing a single StSUS4 copy was comparable with that of wild-type (WT) control seeds. However, transgenic seeds accumulated 10-15% more starch at the mature stage, and contained a higher amylose/amylopectin balance than WT seeds. Endosperms of developing StSUS4-expressing seeds exhibited a significant increase in SuSy activity, and in starch and ADPG contents when compared with WT endosperms. No significant changes could be detected in the transgenic seeds in the content of soluble sugars, and in activities of starch metabolism-related enzymes when compared with WT seeds. A suggested metabolic model is presented wherein both AGP and SuSy are involved in the production of ADPG linked to starch biosynthesis in maize endosperm cells.
Introduction
In many heterotrophic organs, sucrose synthase (SuSy) (EC. 2.4.1.13) is a major determinant of sink strength that highly controls the channeling of incoming sucrose into starch and cell wall polysaccharides (Chourey and Nelson 1976 , Amor et al. 1995 , Zrenner et al. 1995 , Chourey et al. 1998 , Delmer and Haigler 2002 , Ruan et al. 2003 , Thévenot et al. 2005 , Baroja-Fernández et al. 2009 ). SuSy is a highly regulated enzyme that catalyzes the reversible conversion of sucrose and a nucleoside diphosphate into the corresponding nucleoside diphosphate glucose and fructose (Pontis et al. 1981 , Nakai et al. 1998 , Purcell et al. 1998 , Déjardin et al. 1999 , Asano et al. 2002 , Ciereszko and Kleczkowksi 2002 , Hardin et al. 2004 ). Although UDP is the preferred nucleoside diphosphate substrate of SuSy to produce UDPglucose (UDPG), ADP is also an effective acceptor molecule of this sucrolytic enzyme to produce ADPglucose (ADPG) (Murata et al. 1966 , Delmer and Albersheim 1970 , Grimes et al. 1970 , Delmer 1972 , Silvius and Snyder 1979 , Nakai et al. 1998 , Zervosen et al. 1998 , Porchia et al. 1999 , Baroja-Fernández et al. 2003 , Cumino et al. 2007 . Genetic evidence demonstrating the importance of SuSy in starch production and sink strength determination in heterotrophic organs comes from quantitative trait locus (QTL) analyses in maize endosperms and cotton (Thévenot et al. 2005 , Rong et al. 2005 , from the increase of biomass and fiber yield in SuSy-overexpressing cotton plants (Jiang et al. 2012 , Xu et al. 2012 , from the substantial ($50-70%) reduction in starch levels in the seed endosperm of sh1 maize mutants possessing approximately 10% of the wild-type (WT) SuSy activity Nelson 1976, Shannon et al. 1996) , and from genetically engineered potato tubers and carrot roots exhibiting altered SuSy activity (Zrenner et al. 1995 , Tang and Sturm 1999 , Baroja-Fernández et al. 2009 ).
In cereal endosperms, it is widely assumed that SuSy catalyzes the conversion of sucrose into fructose and UDPG, the latter being converted to ADPG in the cytosol by the stepwise reactions of UDPG pyrophosphorylase (UGP) and ADPG pyrophosphorylase (AGP) (Villand and Kleczkowski 1994 , Kleczkowski 1996 , Nagai et al. 2009 . Cytosolic ADPG is then suggested to be transported into the amyloplast by means of Brittle-1 (BT1), a membrane protein located at the envelope membranes of amyloplasts and mitochondria (Sullivan and Kaneko 1995 , Shannon et al. 1998 , Kirchberger et al. 2007 , Bahaji et al. 2011a , Bahaji et al. 2011b whose absence results in reduced starch content (Sullivan et al. 1991 , Shannon et al. 1996 . In addition, it has been suggested that SuSy may be involved in the direct conversion of sucrose into ADPG linked to starch biosynthesis (Murata et al. 1966 , Tsai and Nelson 1966 , Baroja-Fernández et al. 2003 , Muñoz et al. 2006 .
Maize (Zea mays L.) is currently one of the most important crops worldwide. Starch comprises approximately 60% of maize seed dry weight and is therefore a major component of yield. Maize endosperm of sh2 and bt2 mutants having residual AGP activity accumulates 25-30% of the WT starch (Tsai and Nelson 1966 , Dickinson and Preiss 1969 , Doehlert and Kuo 1990 . Therefore, AGP has been considered a logical choice for genetic manipulation to enhance starch content and yield in maize seeds. Thus, Giroux et al. (1996) obtained a maize mutant with a modified version of the large subunit of AGP that was insensitive to orthophosphate inhibition. This mutant produced mature seeds with increased weight and normal starch content as a percentage of seed weight. Wang et al. (2007) obtained maize plants expressing an allosteric-insensitive AGP from Escherichia coli that produced seeds with enhanced weight. Most recently, Li et al. (2011) have shown that overexpression of BT2 and SH2 genes, encoding the small and large subunit of maize AGP, respectively, results in enhanced weight and starch content.
We have shown that enhancing SuSy activity results in increased levels of starch in transgenic potato tubers (Baroja-Fernández et al. 2009 ). This and the fact that sh1 maize seeds accumulate low starch encouraged us to produce and characterize seeds of maize plants ectopically expressing StSUS4, which encodes a SuSy isoform normally occurring in potato (Solanum tuberosum L.) tubers (Fu and Park 1995) . Results presented in this work are consistent with the view that SuSy is a major determinant of intracellular levels of starch and ADPG in heterotrophic organs of plants.
Results and Discussion
Production of StSUS4-expressing maize plants A total of 29 fertile, UBI-StSUS4 PCR-positive maize lines resistant to 0.1% glufosinate were produced as described in the Materials and Methods. Southern blot analyses revealed that five lines (i) contain a single copy of the transgene and (ii) show unique banding patterns, indicating independent transformation events ( Supplementary Fig. 1A ). T 3 and T 5 plants of these lines were selected for further biochemical characterization studies. Quantitative reverse transcription-PCR (RT-PCR) analyses confirmed the expression of StSUS4 in the five selected lines, but not in the control ( Supplementary Fig. 1B ).
Enhancing SuSy activity results in increased starch and ADPG contents, and amylose/amylopectin balance in seed endosperms of transgenic maize plants
The five selected StSUS4-expressing maize lines were characterized in experiments carried out in 2010 and 2012 for the number of seeds per ear, and for starch content and amylose/amylopectin balance in mature seeds. As it is our experience that biochemical analyses are subject to considerable variation, we analyzed 10 plants per line to ensure the attainment of reliable data. As shown in Supplementary Fig. 2A , the number of seeds per ear in the transgenic plants was comparable with that of WT plants. No changes in size and morphology were observed in the transgenic seeds when compared with WT seeds (Supplementary Fig. 2B ). It is noteworthy that analyses of starch content and structure/composition revealed that StSUS4-expressing mature seeds contained 10-15% more starch than control [WT and GUS (b-glucuronidase)-expressing] seeds (Fig. 1A) , and a higher amylose/amylopectin balance (Fig. 1B) .
Further analyses were carried out in 2010 and 2012 using developing endosperms from three StSUS4-expressing lines (UBI-SUS4,1, UBI-SUS4,2 and UBI-SUS4,3). The 2010 experiment focused on the analysis of major carbon metabolites and activities of starch metabolism-related enzymes in endosperm of WT, and T 3 UBI-SUS4,2 and UBI-SUS4,3 plants over a period comprising 12-25 days after pollination (DAP), whereas the 2012 experiment focused on the analysis of the above parameters at 15 and 17 DAP in endosperms of WT and T 5 UBI-SUS4,1-3 plants.
As shown in Fig. 2 , starch content in WT endosperms was low at 12 DAP (73.7 ± 4.3 mmol glucose g FW À1 ), and accumulated to values of approximately 2,000 mmol glucose g FW À1 at 25 DAP at an average rate during the 12-25 DAP period of 103 nmol of glucose transferred to starch min À1 g FW À1 . ADPG is mostly produced in the cytosol of cereal endosperm cells , Beckles et al. 2001 , Burton et al. 2002 , Johnson et al. 2003 and then is transported into the plastid where it is metabolized by starch synthase (SS) to produce starch. Thus, it is conceivable that, in accordance with previous studies using non-aqueous fractionation methods showing the cytosolic localization of ADPG in cereal endosperm cells Shannon 1981, Tiessen et al. 2012) , this nucleotide-sugar will accumulate in the cytosol of maize endosperm cells concomitantly with the increase of ADPG-producing enzymatic activities. Consistent with this presumption, the ADPG content in WT endosperms of the 2010 experiment was low at 12 DAP (22.7 ± 1.3 nmol g FW À1 ), and then increased to reach maximum values of 42.4 ± 3.3 nmol g FW À1 at 25 DAP (Fig. 2) . Furthermore, time-course analyses of enzyme activities revealed that ADPG-producing SuSy and AGP activities in WT endosperms of the 2010 experiment increased between the interval of 12 and 25 DAP (Fig. 3) , which is consistent with previous studies using different maize genotypes (Doehlert et al. 1988 , Prioul et al. 1994 . ADPG-producing SuSy activities during the 12-25 DAP period ranged between 2 and 4 U g FW À1 , and were comparable with those previously reported in maize Kuo 1990, Shannon et al. 1996) . It is noteworthy that, consistent with previous reports showing that SuSy activity is higher than AGP activity in developing maize endosperms Kuo 1990, Shannon et al. 1996) , maximum ADPGsynthesizing SuSy activities in WT endosperms were about 3-to 4-fold higher than those of AGP at any developmental stage ( Fig. 3) , a situation also occurring in developing barley endosperms (Baroja-Fernández et al. 2003) . Both ADPGproducing SuSy and AGP activities between the interval of 12 and 25 DAP greatly exceeded the minimum required to support the rate of starch accumulation of 103 nmol of glucose transferred to starch min À1 g FW À1 observed during the same period (see above), which agrees with previous studies on starch accumulation and enzymes of sucrose metabolism in developing maize endosperms (Ozbun et al. 1973 , Doehlert et al. 1988 ).
Both UDPG-producing SuSy and UGP activities increased during WT endosperm development (Fig. 3) , which is consistent with previous studies on carbohydrate metabolism enzymes in developing maize endosperms (Tsai et al. 1970 , Doehlert et al. 1988 ). However, unlike ADPG, UDPG content in WT endosperms did not fluctuate much throughout the whole seed development process (Fig. 2) , which can be ascribed to the occurrence of multiple cytosolic UDPG-dependent transglucosylation activities (Vogt and Jones 2000 , YonekuraSakakibara 2009 , Kleczkowski et al. 2010 ) that prevent UDPG overaccumulation in the endosperm and act as important determinants of the intracellular levels of this nucleotide-sugar.
In accordance with previous studies on sugar metabolism in maize seeds (Doehlert et al. 1988) , glucose and fructose levels were high during the initial developmental stages of maize endosperm ( Fig. 2) , which may reflect high invertase and low hexokinase activities occurring in the endosperm during the The results are the mean ± SE of three independent experiments. Asterisks indicate significant differences based on Student's t-tests. (*P < 0.05, UBI-SUS4,3 vs. HiII; **P < 0.05, UBI-SUS4,2 vs. HiII). The results are the mean ± SE of three independent experiments. Asterisks indicate significant differences based on Student's t-tests. (*P < 0.05, UBI-SUS4,3 vs. HiII; **P < 0.05, UBI-SUS4,2 vs. HiII).
same developmental period (Tsai et al. 1970 , Doehlert et al. 1988 . Concomitantly with the decrease in glucose and fructose content during the 15-25 DAP period, glucose-6-phosphate and fructose-6-phosphate levels increased (Fig. 2) , which can be ascribed to the increase of hexokinase activity occurring in the endosperm during the same period (Tsai et al. 1970 , Doehlert et al. 1988 (Fig. 3) . Endosperms of StSUS4-expressing seeds of the 2010 experiment exhibited a significant increase in SuSy activity when compared with control endosperms during the 12-25 DAP period (Fig. 3) , a result which was confirmed in the 2012 experiment where UBI-SUS4,1-3 endosperms exhibited higher SuSy activities than WT endosperms ( Supplementary Fig. 3) . Consistent with the capacity of SuSy to produce ADPG from sucrose in vitro, UBI-SUS4,2 and UBI-SUS4,3 endosperms of the 2010 experiment accumulated high levels of this nucleotidesugar when compared with control endosperms during the 12-25 DAP period (Fig. 2) . The occurrence of high ADPG content in the StSUS4-expressing seeds was further confirmed in the 2012 experiment, where UBI-SUS4,1-3 endosperms accumulated significantly higher levels of ADPG than WT endosperms at 15 DAP ( Supplementary Fig. 4 ). Transgenic endosperms accumulated starch at an average rate of approximately 126 nmol of glucose transferred to starch min À1 g FW À1 during the 12-25 DAP period (Fig. 2) , which is higher than the average rate of starch accumulation of approximately 103 nmol of glucose transferred to starch min À1 g FW À1 observed in WT developing endosperms during the same period (see above). StSUS4-expressing developing maize endosperms of the 2010 experiment accumulated nearly WT levels of hexosephosphates (glucose-6-phosphate, fructose-6-phosphate and glucose-1-phosphate) and sucrose (Fig. 2) . Glucose and fructose levels in the UBI-SUS4,3 endosperms of the 2010 experiment were slightly lower than those observed in WT endosperms (Fig. 2) . This observation, however, was not confirmed in the 2012 experiment where glucose and fructose contents in endosperms of the three transgenic lines were comparable with those of WT endosperms ( Supplementary  Fig. 4 ). Time-course analyses of enzymes closely associated with starch metabolism revealed that StSUS4-expressing endosperms of the 2010 experiment displays WT starch phosphorylase (SP), AGP, UGP, hexokinase, SS and total amylolytic activities during the 12-25 DAP period (Fig. 3) , which was further confirmed in the 2012 experiment ( Supplementary  Fig. 3 ). It is noteworthy that these analyses showed relatively high total amylolytic activities (comparable with those of AGP and SuSy) in developing endosperms during the whole 15-25 DAP period, which would suggest the occurrence of very active starch breakdown during this period of active starch accumulation. Western blot analyses of BT1 revealed no major differences between WT and the SuSy lines in the amount of this membrane protein that has been suggested to act as an ADPG translocator (Fig. 4) . The overall results thus indicated that the increase in ADPG and starch contents in StSUS4-expressing developing endosperms cannot be ascribed to changes in functions closely connected to starch metabolism other than SuSy.
Enhancement of SuSy activity does not affect the redox status of AGP Trehalose-6-phosphate (T6P) is a sugar signal of emerging significance that has been suggested to regulate starch biosynthesis via thioredoxin-mediated post-translational redox activation of AGP (Schluepmann et al. 2003 , Kolbe et al. 2005 , for a recent review, see Stitt and Zeeman 2012) . When plant extracts are separated on non-reducing SDS gels, the small subunit of AGP (APS1) is present as a mixture of 50 kDa monomers (active form) and 100 kDa dimers (inactive form) formed by intermolecular links involving cysteine bridges (Tiessen et al. 2002 , Hendriks et al. 2003 . In maize endosperm, the large subunit of AGP (SH2), but not the small AGP subunit (BT2), can dimerize via formation of a disulfide bridge (Lyerly et al. 2005) . Dimerization leads to inactivation of the enzyme, which can be reactivated in vitro by incubating extracts with dithiothreitol (Tiessen et al. 2002 . Incubation of potato tubers with dithiothreitol or high sucrose levels promotes starch synthesis probably as a consequence of enhanced APS1 monomerization (Tiessen et al. 2002) . In leaves, APS1 reactivation can also take place by feeding of T6P to intact chloroplasts (Hendriks et al. 2003 , Kolbe et al. 2005 . Manipulation of T6P metabolism in transgenic Arabidopsis plants leads to redox modification of AGP and concomitant changes in starch content (Kolbe et al. 2005 ), a situation not occurring in transgenic potato tubers with altered T6P content (Debast et al. 2011) .
Because UDPG is the direct precursor for T6P biosynthesis, we hypothesized that enhancement of UDPG-producing SuSy activity would lead to a concomitant increase in T6P levels that, in turn, will affect the maize endosperm AGP redox status. To test this hypothesis, extracts from control and UBI-SUS4 developing (15 DAP) endosperms were subjected to non-reducing Western blot analyses of SH2. As shown in Fig. 5 , these analyses revealed that most of SH2 remained reduced ($50 kDa monomeric) in both WT and UBI-SUS4 endosperms. Furthermore, both control and UBI-SUS4 endosperms accumulated identical amounts of 50 kDa monomers and 100 kDa dimers of SH2. These results (i) suggested that the redox status of AGP in developing maize seeds does not depend on UDPG-producing SuSy activity, and (ii) provided strong evidence that high starch content in StSUS4-expressing maize endosperms cannot be ascribed to SH2 monomerization.
Additional concluding remarks
Taking into account all the limitations that are inherent in basing conclusions on genetically engineered plants, results presented in this work are consistent with the view that SuSy is a major determinant of intracellular levels of starch and ADPG in heterotrophic organs of plants. Furthermore, because (i) the number of seeds per ear in the StSUS4-expressing maize plants characterized in this work is comparable with that of WT plants ( Supplementary Fig. 2 ) and (ii) the starch content in both mature and developing seeds of the transgenic plants is higher than that of WT seeds (Figs. 1, 2) , data presented in this work are consistent with the view that SuSy is a major determinant of sink strength, and provide evidence that enhancement of SuSy activity represents a strategy for increasing starch accumulation in maize seeds. As in many previous reports showing the effect of constitutive gene expression on starch metabolism (Geigenberger et al. 1998 , Tjaden et al. 1998 , Lytovchenko et al. 2005 , Gámez-Arjona et al. 2011 ), here we used a constitutive promoter to drive the expression of StSUS4. Thus, we cannot totally exclude the possibility that changes in other parts of the plant contribute to the biochemical effects seen in StSUS4-expressing maize endosperms. Despite this limitation, it is clear that enhancement of SuSy activity in maize yields important results when considered from a biotechnological standpoint. Needless to say, further studies on the effect of endosperm-specific expression of StSUS4 will be necessary to understand fully the role of SuSy in starch metabolism in developing maize seeds. Fig. 6 illustrates a suggested mechanism for starch biosynthesis in maize endosperm cells wherein SuSy catalyzes the conversion of sucrose into UDPG, which is then converted to ADPG in the cytosol by the stepwise reactions of UGP and AGP. SuSy has the capacity of producing ADPG from sucrose and, therefore, it is highly conceivable that an important pool of ADPG linked to starch biosynthesis in maize endosperm comes from the direct conversion of sucrose into ADPG by means of SuSy. The suggested mechanism of Fig. 6 would be consistent with the occurrence of approximately 30-50% of the WT starch in the endosperm of sh1 maize mutants possessing about 10% of the WT SuSy activity Nelson 1976, Shannon et al. 1996) , and with the occurrence of 25-30% of the WT starch content in sh2 and bt2 endosperms having residual, non-SH2/BT2 AGP activity (Tsai and Nelson 1966 , Dickinson and Preiss 1969 , Doehlert and Kuo 1990 , and approximately 60% of the WT SuSy activity (Doehlert and Kuo 1990) . Needless to say, further studies aiming to characterize sh2 and bt2 AGP mutants ectopically expressing SuSy, and sh1 SuSy mutants ectopically expressing AGP will be necessary to understand SuSy-AGP functional interactions and the contribution of each enzyme in the pool of ADPG linked to starch biosynthesis in maize endosperms.
Maximum in vitro ADPG-producing SuSy and AGP activities occurring during the 12-25 DAP period (cf. Fig. 3 , Supplementary Fig. 3 ) greatly exceed the minimum needed to support the normal rate of starch accumulation of about 103 nmol of glucose transferred to starch min À1 g FW À1 occurring during the same developmental period, which agrees with previous studies on starch metabolism in developing maize endosperms (Ozbun et al. 1973 , Doehlert et al. 1988 . A question thus arises as to how ectopic expression of AGP and SuSy results in increased levels of starch in maize endosperms (Giroux et al. 1996 , Wang et al. 2007 , this study). We find two possible explanations for this phenomenon. First, SuSy and AGP are highly regulated at the posttranslational level (Pontis et al. 1981 , Asano et al. 2002 , Tiessen et al. 2002 , Hendriks et al. 2003 , Hardin et al. 2004 , Kolbe et al. 2005 and, similar to AGP occurring in leaves , most of AGP and SuSy are inactive in maize endosperms. Under these circumstances, up-regulation of AGP and SuSy would be translated into a concomitant increase in the starch accumulation rate. However, this assumption would only explain higher starch contents in AGP-and SuSy-overexpressing maize endosperms when an additional assumption is made that most of the recombinant AGP and SuSy is active. Secondly, synthesis and breakdown of starch operate simultaneously in developing seed endosperms, as illustrated in Western blot analysis of SH2 in WT (HiII) and UBI-SUS4 developing maize endosperm (15 DAP) in (A) non-reducing and (B) reducing conditions. Note that (i) most of SH2 remained reduced ($50 kDa monomeric) in both WT and UBI-SUS4 endosperms, and (ii) WT and UBI-SUS4 endosperms accumulated identical amounts of 50 kDa monomers and 100 kDa dimers of SH2 in non-reducing conditions. Note also that under reducing conditions (including dithiothreitol) the immunoreactive signal was exclusively found at 50 kDa. In (A) proteins coming from 1 mg of FW were loaded per lane. In (B) the gel was loaded with 30 mg of protein per lane. Fig. 6 , a situation that has been shown to occur in heterotrophic plant cells (Pozueta-Romero and Akazawa 1993, Neuhaus et al. 1995) , potato tubers (Sweetlove et al. 1996) , bacteria (Guedon et al. 2000 , Montero et al. 2011 ) and mammalian cells (Massillon et al. 1995 , Bollen et al. 1998 ). According to this view, the rate of starch accumulation in developing maize endosperm cells would be the result of the balance between SS-, AGP-and SuSy-mediated starch synthesis, and amylase-and/or SP-mediated starch breakdown. Thus, up-regulation of AGP and SuSy would result in a concomitant enhancement of the rate of starch accumulation, since the balance between starch synthesis and breakdown will be higher in the transgenic endosperms than in WT endosperms. Also according to this view, AGP would play a role not only in the 'de novo' synthesis of ADPG from cytosolic G1P, but also in the synthesis of ADPG from the starch breakdown products (Fig. 6) . In the latter case, the resulting metabolic cycle involving the highly regulated AGP would entail advantages such as sensitive regulation and rapid metabolic channeling toward various metabolic pathways (such as fatty acid and sulfolipid biosynthesis, oxidative pentose phosphate pathway, etc.) in response to the physiological and biochemical needs of the plant. StSUS4-expressing developing endosperms had significantly higher levels of ADPG than WT endosperms (Fig. 2,  Supplementary Fig. 4) , a situation also occurring in transgenic rice ectopically expressing in the cytosol an AGP from E. coli (Nagai et al. 2009 ). This would indicate that one or more reactions constrain carbon flux from cytosolic ADPG into starch in cereal endosperms, thus resulting in suboptimal utilization of ADPG. Although pleiotropic effects on the activity of various starch biosynthetic enzymes cannot be totally excluded as a possible cause for ADPG suboptimal utilization, the transport of ADPG is perhaps the more important limiting factor in starch synthesis in StSUS4-expressing endosperms. Such a view is supported by studies in maize endosperms indicating that (i) transport of ADPG into amyloplasts is a major determinant of starch accumulation, and (ii) down-regulation of BT1 results in accumulation of ADPG in the cytosol (Shannon et al. 1996 , Shannon et al. 1998 . Clarke et al. (1999) and Lloyd et al. (1999) have shown that reduction in ADPG content was accompanied by concomitant changes in amylose content in pea embryos and potato tubers, respectively. This is because of the relatively low affinity for ADPG of the amylose-synthesizing granule-bound SS in comparison with the soluble SS isoforms. The fact that amylose/amylopectin balance in StSUS4-expressing maize endosperms is higher than in control endosperms (Fig. 1B ) would be consistent with the possible increase of ADPG levels in the stromal phase of endosperm amyloplasts of StSUS4-expressing plants, a situation that would enhance granule-bound SS activity and produce a concomitant increase in the amylose/amylopectin balance.
Materials and Methods

Plants, growth conditions and sampling
The work was carried out using hybrid high type II (HiII) maize plants (Armstrong et al. 1991) . Transgenic plants (GUS-and Suggested model of starch metabolism in maize seed endosperm cells according to which SuSy catalyzes the direct conversion of sucrose into ADPG or UDPG, the latter being converted to ADPG in the cytosol by the stepwise reactions of UGP and AGP. Cytosolic ADPG is then transported to the amyloplast by means of an ADPG translocator. According to this model, the rate of starch accumulation in developing maize endosperm cells would be the result of the balance between starch synthesis and breakdown. The model predicts that AGP plays an important role not only in de novo synthesis of ADPG taking place in the cytosol, but also in the scavenging of starch breakdown products. In the latter case, G1P necessary for AGP-mediated ADPG synthesis would be produced from starch by SP and/or the combined action of amylases (Asatsuma et al. 2005) , isoamylase, disproportionating enzyme, plastidial hexokinase (Olsson et al. 2003 , Giese et al. 2005 ) and plastidial phosphoglucomutase (Pan et al. 1990 ) (indicated with dashed arrows). Plastidial and cytosolic G1P pools are probably connected by means of a G1P translocator occurring in amyloplasts (Fettke et al. 2010 ).
StSUS4-expressing plants) were produced from immature embryo-derived callus cultures using the biolistic gun-mediated method (Wang and Frame 2009) , and the pAHC25 (Christensen and Quail 1996) and pAHC25-SUS4 expression vectors, the latter containing a selectable (bar) gene and StSUS4, each under the transcriptional control of a separate Ubi-1 promoter ( Supplementary Fig. 5 ). The transformed plantlets were transplanted into pots and selected by spraying with the herbicide glufosinate (0.1%) when they reached the three-leaf stage. Herbicide selection and PCR analysis were conducted at every generation, and the herbicide-resistant and PCR-positive seedlings were self-pollinated. In this study we used T 3 and T 5 transgenic maize lines.
Ten plants per line were grown in greenhouse conditions in 35 liter pots. Seeds were collected at the indicated developmental stages, and endosperms immediately extracted, freezeclamped and ground to a fine powder in liquid nitrogen with a pestle and mortar.
Enzyme assays
A 1 g aliquot of the frozen powder was resuspended at 4 C in 5 ml of 100 mM HEPES (pH 7.5), 2 mM EDTA and 5 mM dithiothreitol (extraction buffer). The suspension was desalted, resuspended in 5 ml of extraction buffer and assayed for enzymatic activities. We verified that this procedure did not result in loss of enzymatic activity by comparing activity in extracts prepared from the frozen powder with extracts prepared by homogenizing fresh tissue in extraction medium. AGP and UGP activities were measured following the two-step assay method described by Li et al. (2012) . SuSy activity was measured as described by Baroja-Fernández et al. (2012) . Hexokinase, SP and total amylolytic activities were assayed as described by Renz et al. (1993) , Muñoz et al. (2005) and Liu et al. (2005) , respectively. SS activity was measured in two steps: (i) SS reaction and (ii) measurement of ADP produced during the reaction. The SS assay mixture contained 50 mM HEPES (pH 7.5), 6 mM MgCl 2 , 3 mM dithiothreitol, 1 mM ADPG and 3% glycogen. After 5 min at 37 C, reactions were stopped by boiling the assay mixture for 2 min. ADP was measured by HPLC on a Waters Associates' system fitted with a Partisil-10-SAX column. One unit (U) is defined as the amount of enzyme that catalyzes the production of 1 mmol of product per min.
Determination of soluble sugars and starch
A 0.5 g aliquot of the frozen powdered tissue (see above) was resuspended in 0.4 ml of 1 M HClO 4 , left at 4 C for 2 h and centrifuged at 10,000Âg for 5 min. The supernatant was neutralized with K 2 CO 3 , centrifuged at 10,000Âg and subjected to measurement analyses of nucleotide-sugars, fructose-6-phosphate, glucose-1-phosphate and glucose-6-phosphate. For measurement of sucrose, glucose and fructose, a 0.1 g aliquot of the frozen powder was resuspended in 1 ml of 90% ethanol, left at 70 C for 90 min and centrifuged at 13,000Âg for 10 min. Sucrose, glucose, fructose and hexose-phosphates from supernatants were determined by HPLC with pulsed amperometric detection on a DX-500 Dionex system. ADPG and UDPG were measured as described by Muñoz et al. (2005) by HPLC on a system obtained from Waters Associates fitted with a Partisil-10-SAX column. Starch was measured by using an amyloglucosidase-based test kit (Boehringer Manheim). The amylose/amylopectin ratio was determined as described by Andersson et al. (2006) .
Western blot analyses
For immunoblot analyses, protein samples were separated by 10% SDS-PAGE, transferred to polyvinylpyrrolidone (PVDF) filters, and immunodecorated by using antisera raised against either maize BT1 (Bahaji et al. 2011b) or SH2 as primary antibody, and a goat anti-rabbit IgG-alkaline phosphatase conjugate (Sigma) as secondary antibody. In the case of Western blots of SH2, samples were extracted and separated by SDS-PAGE under reducing/non-reducing conditions essentially as described by Li et al. (2012) . For non-reducing Western blots, 50 mg of the homogenized frozen material (see above) was extracted in cold 16% (w/v) trichloroacetic acid (TCA) in diethyl ether, mixed, and stored at -20 C for at least 2 h as described by Li et al. (2012) . The pellet was collected by centrifugation at 10,000Âg for 5 min at 4 C, washed three times with ice-cold acetone, dried briefly under vacuum and resuspended in 1Â Laemmli sample buffer containing no reductant.
PCR analysis and Southern blotting
Genomic DNA from young maize leaves was isolated using the cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1987) . Primers from the Ubi-1 promoter (5 0 -CTCACGGC ACGGCAGCTAC-3 0 ) and StSUS4 (5 0 -GCAGTGAAAGGCTCGA AATCCAACT-3 0 ) were used for PCR analysis. Genomic DNA (30 mg) from StSUS4-expressing plants was digested with EcoRV. Digested DNA was separated on 0.8% (w/v) agarose gels and transferred to Hybond N + nylon membranes that were hybridized for 16 h at 65 C with a [ 32 P]dCTP bar gene as probe, washed under high stringency conditions and exposed to X-ray film.
Real-time quantitative PCR
Total RNA was extracted from maize endosperms using the Trizol method according to the manufacturer's procedure (Invitrogen). RNA was treated with RNase-free DNase (TAKARA). A 1.5 mg aliquot of RNA was reverse transcribed using poly(T) primers and the Expand Reverse Transcriptase kit (Roche) according to the manufacturer's instructions. Real-time quantitative PCR was performed using a 7900HT sequence detector system (Applied Biosystems) with the SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's protocol. Each reaction was performed in triplicate with 0.4 ml of the first-strand cDNA in a total volume of 20 ml. The specificity of the PCR amplification was checked with a heat dissociation curve (from 60 to 95 C). threshold values were normalized to b-actin internal control. The specificity of the obtained RT-PCR products was controlled on 1.8% agarose gels. Primers used for PCRs are listed in Supplementary Table 1 .
Statistical analysis
The data presented are the means of three independent experiments, with 3-12 replicates for each experiment (means ± SE). The significance of differences between the control and the transgenic lines was statistically evaluated with Student's ttest using the SPSS software. Differences were considered significant at a probability level of P < 0.05.
Supplementary data
Supplementary data are available at PCP online.
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